The interaction between steel tube and concrete core is the key issue for understanding the behavior of concrete-filled steel tube columns (CFTs). This study investigates the force transfer by natural bond or by mechanical shear connectors and the interaction between the steel tube and the concrete core under three types of loading. Two and three-dimensional nonlinear finite element models are developed to study the force transfer between steel tube and concrete core. The nonlinear finite element program ABAQUS is used. Material and geometric nonlinearities of concrete and steel are considered in the analysis. The damage plasticity model provided by ABAQUS is used to simulate the concrete material behavior. Comparisons between the finite element analyses and own experimental results are made to verify the finite element models. A good agreement is observed between the numerical and experimental results. Parametric studies using the numerical models are performed to investigate the effects of diameter-to-thickness ratio, uniaxial compressive strength of concrete, length of shear connectors, and the tensile strength of shear connectors.
INTRODUCTION
The concrete filled steel tube (CFT) system has many advantages compared with the ordinary steel or the reinforced concrete systems. The enhancement in structural properties is due to the interaction between steel tube and concrete core. The confinement created by the steel casing enhances the material properties of concrete due to the triaxial state of stress. Conversely, the inward buckling of the steel tube is prevented by the concrete, thus increasing the stability and strength of the column as a system. In addition to these advantages, the steel tubes surrounding the concrete columns eliminate the need for formwork, which reduces construction time and costs. The force can be transferred between the steel tube and concrete core either by natural bond between steel and concrete or by mechanical transfer devices. For a concrete filled hollow section, an ultimate value for bond stress is given as 0.4 N/mm 2 in Eurocode 4. If the acting bond stress exceeds the admissible value the load transfer has to be assisted by mechanical shear connectors. The finite element technique has become a powerful tool for analyzing structures. Although experiments play a significant role in research on CFT columns, they are expensive and time 1) Professor and Institute Head 2) PhD Student
consuming. Finite element analysis provides supplementary information to the experiments. Therefore, a detailed analysis of CFTs using finite element analysis is a useful approach as long as the numerical model is calibrated with experimental results. The main objective of this study is to investigate the force transfer by natural bond or by mechanical shear connectors and the interaction between the steel tube and the concrete core in CFTs by using the finite element method. The general-purpose finite element program ABAQUS is used in the analysis.
EXPERIMENTAL PROGRAM
The test series consisted of 71 short columns tested to failure under centric axial loading (Falah 2008 ). The load is applied at the top of column to the steel section "S type of loading", to the concrete section "SP type of loading", to the entire section "A type of loading", whereas the steel tube and concrete core are supported simultaneously at the bottom of the test specimen. For all types of loading the loading process is performed under displacement-controlled type of loading. Figure (1) shows schematically the loading method. The axial deformations of specimens are measured by four linear variable differential transducers (LVDTs) with an accuracy of 0.001mm. They are installed on each side of the top end plate. The longitudinal and circumferential strains of steel tube are measured by electrical strain gauges. Eighteen strain gauges are installed in the longitudinal direction in two columns (9 on each column), four strain gauges in the transverse direction in two rows (two on each row). The longitudinal strains of concrete core are measured by three embedded strain gauges. The test setup and instrumentations of test specimen are shown in Figure ( 2). The material properties of concrete at the age of 28 days are given in Table 2 , which were obtained from testing of six cylinders (Ø150/300) and three cubes (150*150*150). The stress-strain relationship for concrete is shown in Figure ( 3). Three tension coupons are cut, and machined from the side of steel tube, and are tested in uniaxial tension in order to determine the mechanical properties of steel tube. The average values of tension test results are given in Table 3 , and typical stress-strain curves for these tests are illustrated in Figure (4) . The details and properties of the specimens, modeled in the current study, are shown in Table 1 . 
NUMERICAL MODELING
In the field of structural engineering, results of finite element analysis may provide detailed information on the stress and the strain distributions in structures. Such information is not easily available from experiments, and, therefore, numerical investigation may be used to provide supplementary data for improved understanding. Furthermore, parametric studies on the finite element models may be performed to improve the efficiency of structural design. In recent years, advancements in FE formulation have produced robust algorithms to deal with complex geometry, large deformation, plasticity, and contact interaction. In this paper, two and threedimensional materially and geometrically nonlinear finite element models are developed using the commercial finite element program ABAQUS/Standard 6.7. Two-dimensional axisymmetric models are used to model the concrete filled steel tube column with circular cross section under A type of loading, and S type of loading without shear connectors. Three-dimensional models are used to model a quarter of concrete filled steel tube columns with square cross section under A type of loading, and circular cross section under S type of loading with shear connectors.
Finite Element Mesh
Two-dimensional axisymmetric models are used to model the concrete filled steel tube column with circular cross section, the concrete core, steel tube, and end plates were modeled using CAX4I axisymmetric solid element. The axisymmetric element define by four nodes having two degrees of freedom at each node; translations in the nodal z and r directions ( Figure  5 ). Because of the symmetry of the square columns and the circular columns, which are provided with shear connectors, only a quarter of the column is modeled using threedimensional solid elements. In the modeling of the concrete core, steel tube, bolts, and end plates a three-dimensional eight-node element C3D8 with three degree of freedom at each node is used as shown in Figure 
Material Models

Concrete
The damaged plasticity model in ABAQUS is used to simulate the concrete behavior in the concrete filled steel tube columns. The model is a three-dimensional continuum plasticity-based damaged model for concrete (Lubliner et al. 1989, Lee and Fenves 1998) that is capable of predicting both compressive and tensile behavior of concrete under confining pressure. The yield function is formulated in terms of effective hydrostatic pressure and the Mises equivalent effective stress and depends on two hardening variables. The two hardening variables are the integrated plastic strain rates separated into tension and compression. The user governs the shape of the yield surface by the two parameters K c and σ b0 /σ c0. The first describes the shape of the deviatoric plane, the latter defines the ratio of initial equibiaxial to uniaxial compressive yield stress. The model uses a non-associated plastic flow rule to describe the plastic strain increments. The flow potential follows the Drucker-Prager hyperbolic function. The dilation angle for concrete defines the plastic strain direction with respect to the deviatoric stress axis in the rendulic plane. In this study, a value of 15° is used for the dilation angle of concrete. Damage characterizes the stiffness degradation for the unloading response. Due to the static loading, the damage effect can be neglected here. The numerically complex computation of the material model can be stabilized by viscoplastic regularization, which allows stresses outside the yield surface. The user can overcome convergence difficulties by defining a small viscosity parameter. The uniaxial compressive stress-strain curve of concrete obtained from the standard cylinder tests is used (Figure 3 ). In these tests the stress-strain relation is only registered to the maximum stress. The remaining part of the stress-strain relation is taken as perfect plastic line. The tension stiffening model is used to define cracking and postcracking properties for the concrete. The model assumes that the direct stress across a crack gradually reduces to zero as the crack opens. Tension stiffening is defined in the present study using stress-strain data. The stress-strain relationship as shown in Figure (7) assumes that the tensile stress increases linearly with an increase in tensile strain up to concrete cracking. After concrete cracking, the tensile stress decreases linearly to zero as the concrete softens. For the tension stiffening effect, the reduction of concrete tensile strength to zero is assumed to occur at 10 times the strain at failure. The concrete tensile strength f ct used in the analysis is determined as proposed by DIN-1045-1 (2001) and Poisson's ratio was υ =0.2. The modulus of elasticity is taken as shown in Table 3 .
Steel
An elastic-plastic model with the von Mises yield criterion is used to describe the constitutive behavior of steel tube. The complete stress-strain relation obtained from uniaxial tension-coupon tests has been used in steel material model (Figure 4) . The Poisson's ratio is taken as υ =0.3. The material behavior of the bolt is described by bilinear stress-strain curve shown in Figure ( 
Interaction between Steel and Concrete
For the modeling of the CFT the interaction of the three members -tube, concrete core, and bolt -have to be considered. ABAQUS provides two methods for the modeling of contact, either surface contact or contact elements. The element-based deformable surface is used to define all required surfaces. A surface-based interaction with a contact pressure-overclosure model has been used. When surfaces are in contact they transfer shear forces as well as normal forces across their interface. A surface-based interaction with a contact pressure-overclosure model in the normal direction, and a nonlinear spring elements in the tangential directions between surfaces of steel tube and concrete core have been used for "S" type of loading. In this way the surfaces are able to separate and slide relatively to each other and to transmit contact pressure and shear stresses between concrete core and steel tube. The type of spring element is spring2.the applied spring2-tpye is defined by two nodes and acts only in a fixed direction. The nonlinear spring behavior is specified by pairs of force-relative displacement values. The stiffness of springs has been determined by comparing numerical results with experimental ones. The contact pair option is used to specify which pairs of surfaces can interact with each other during the analysis. The contact condition between two surfaces is defined by using a strict master-slave algorithm. Surface-to-surface discretization prevents master nodes from undetected, distinctly penetration into the slave surface. The surface with the more refined surface is chosen as slave surface. For the concrete-bolt and concrete-tube connections in the specimens with shear connectors, friction is considered with different friction coefficient. For the screw thread of the bolt a higher friction coefficient can be assumed. The screw connection between bolt and tube is presumed as to be tied together, so there is no relative displacement.
Boundary Condition and Load Application
The nodes at the top and bottom surface of the concrete filled steel tube columns are restrained in all degrees of freedom. For square cross sections, and circular cross sections with bolts, all concrete nodes and steel tube nodes, and bolt nodes in the symmetric planes are restrained perpendicular to these planes. In this study it was of interest to follow the ultimate behavior of the columns so the load is applied as static uniform load using the displacement control on the top surface. The load was applied to the concrete section "SP", to the steel section "S", or to the entire section "A" at the top of column.
Verification of Finite Element Models
Before a parametric study can be carried out, it is necessary to prove that the established finite element models are capable of simulating the structural behavior of concrete-filled steel tube columns, including the load transfer between concrete core and steel tube. A comparison of the numerical analyses results and the experimental results is carried out to verify the finite element models. In Figures (9) and (10) the comparison between load-axial shortening curves obtained by numerical and experimental studies is presented. The average strain distribution in steel tube and concrete core along longitudinal axis at the maximum bond stress under S type of loading obtained by FE-analyses are compared with the experimental results (Figures 11). It can be observed that, generally the results of finite element analysis are in good agreement with experimental data. After verification of the present finite element models, a comprehensive detailed analysis is performed on CFT columns. 
PARAMETER STUDY
Several basic parameters have significant impact on the behavior of confined concrete core or generally on the mechanical of concrete filled steel tube columns such as diameter and thickness ratio (D/t), uniaxial compressive strength of concrete, the level of applied lateral confinement pressure, and cross-sectional shape. Experimental investigation on the effect of all these parameter is practically difficult, since it is expensive and time consuming. The present finite element model allows a comprehensive parametric study considering a wide rang and combination of the parameters of interest to be investigated. To investigate the effect of diameter and thickness ratio and uniaxial compressive strength of concrete on the behavior of confined concrete core, a combination of these two parameters is performed. Three different type of unconfined concrete compressive strength f c (34, 44, 68MPa) are used. For each uniaxial compressive strength of concrete a total of six different diameter and thickness ratios (D/t) (25, 34, 45, 60, 85 , and 100) are considered. The effect of important parameters such as the thickness of steel tube, concrete strength, length of shear bolt, diameter of shear bolts, and bolt material strength on the shear capacity and on the behavior of concrete-filled steel tube with shear connectors is investigated. Steel tube with 1.5, 3, 5, 7.1, and 10mm thickness, concrete compressive strength f c (34, 44.and 68MPa), shear bolt with 8, 12, 16, and 20mm diameter, shear bolt with 25, 45, 55, 65, and 75mm length, and bolt type 4.6, 5.6, and 8.8 are considered. The effects of arrangement of bolts on load transfer are also investigated (Figure 12 ). Nonlinear regression is used to derive nonlinear curve fitting that represents the general trend of the data, which is obtained from parametric study. This curve can be used to predict further values.
RESULTS AND EVALUATION
The axial stress and shear stress distribution on concrete core under "S" type of loading at the maximum bond stress are presented in Figure (13) . It can be seen that, the distribution of axial stress is nearly uniform on the concrete core cross-section, and the distribution of the shear stress is uniform along the column length. The bond-slip stiffness is increased gradually toward the bottom of column. On other words, the relative slip is larger at the top of column. Therefore, the top of column is a adequate position to install the shear connectors. Finite element analyses show that the concrete stress below the shear connectors reaches very high stress values, because of the confinement that is provided by steel tube (Figure 14) . The tests results and numerical results show that the bond stress and shear connectors work well in transferring forces between the steel tube and concrete core. Before the steel tube reaches the yield strength, the load is transferred by direct bearing pressure to the concrete. However, after reaching the yield strength, the bolts start to rotate and the bearing stresses begin to decline gradually. With the rotation of the shear connectors high frictional shear stresses are created to the effect that the load transfer is enhanced by pinching and contraction effects. The axial stresses in bolt and the stress distribution in concrete core at the maximum transferred load before yielding the steel tube are shown in Figure (14) . Figure (15) shows the failure of concrete and steel tube deformation at the bolts region. The passive confining pressure provided by steel tube in the top region is extremely activated under "SP" type of loading. The passive confining pressure is decreased gradually toward the bottom of column. This is clearly due to load transfer from the concrete to the steel tube. It is found in tests results and in FEM analyses that the maximum longitudinal stress of steel at the ultimate load is approximately 60% of the yield strength, see von Mises yield criterion in Figure  (17) . The contribution of the steel tube to the total axial resistance must be taken into the account with this type of loading. Due to the confinement of the concrete core, the enhancement in the strength of concrete is approximately 38% of unconfined concrete compressive strength f c . The structural behavior of CFTs columns under "A" type of loading is considerably affected by the difference between the Poisson's rations of the steel tube and concrete core. Figure ( (Figure 17 ). The numerical results can not capture the behavior of columns with square cross section at a higher "A" type loading level. This is due to local buckling failure of steel tube. The results of the parameter study show that the transferred load by shear bolt increases with increasing bolt diameter. The shear failure of bolt occurs in bolt with small diameter. However, with big cross area of bolt the steel tube reaches yield strength before occurring failure of shear bolt. The relationship between the transferred load and bolts length is shown in Figure (19) . Increasing the strength of concrete does not enhance the capacity of shear bolts to transfer the load to the concrete core with the same cross section because of the yielding of steel tube. It can be seen that the maximum load transfer is achieved with bolt length is between 50mm and 
CONCLUSIONS
In this study, two-and three-dimensional finite element models have been developed to investigate the force transfer by natural bond or by mechanical shear connectors and the interaction between the steel tube and the concrete core of concrete-filled steel tubes under three types of loading. Both material and geometric nonlinearities are considered in the analyses. The numerical results indicate good agreement with the experimental data. The plastic damage model can be used to predict the nonlinear response of confined concrete (passive confinement effect) in CFTs columns subjected to axial compressive loading. The bond between steel tube and concrete core is simulated well using a nonlinear spring element. By means of parameter studies, it was found that the behavior and capacity of shear bolts are mainly influenced by bolt geometry, bolt material property, thickness of steel tube, and concrete core properties.
